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Eligibility of EFT approach to search for tqg FCNC phenomenon.
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1Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University
The Effective Field Theory (EFT) approach is widely used in the search for possi-
ble deviations from the predictions of the Standard Model. Such an approximation of
possible BSM physics is valid up to a certain levels of energy scale and accuracy. In
this article, we investigate potential limitation of the EFT approach related to uni-
tarity to describe possible contributions of flavor changing neutral currents (FCNC)
involving the top quark. The numerical and analytical calculations of the FCNC
processes used in the EFT approach demonstrate the constant asymptotic behavior
of the total cross section with increasing energy. It is shown that the EFT approach
for studying the possible contribution of FCNC does not violate the restrictions fol-
lowing from perturbative unitarity, the asymptotic behavior of the cross section does
not exceed the Froissart bound, and the approach itself can be used to set the cor-
responding experimental limits for FCNC couplings or Wilson coefficients at present
and future colliders.
1. INTRODUCTION. THE EFT LAGRANGIAN.
Flavour-changing neutral currents (FCNC) are absent at lowest order in the SM, and are
significantly suppressed through the Glashow–Iliopoulos–Maiani mechanism [1] at higher
orders. Various rare decays of K, D, and B mesons, as well as the oscillations in K0K
0
,
D0D
0
, and B0B
0
systems, strongly constrain FCNC interactions involving the first two
generations and the b quark [2]. However, FCNC involving the top quark are significantly
less constrained. In the SM, the FCNC couplings of the top quark are predicted to be
very small and not detectable at current experimental sensitivity. However, they can be
significantly enhanced in various SM extensions.
The FCNC interactions of the top quark with the quarks from the first two generations
can be encoded in an effective field theory through dimension six gauge-invariant operators
as indicated using slightly different notations in [3] (see, eq. 3.61) and in [4–6]. The gauge-
invariant effective Lagrangian for the tug FCNC interactions has the following form in the
2notations [6]:
LEFT = C
13
uG
Λ2
(
u¯Ld¯L
)
σµν ta tR Φ
cGaµν + h.c.
+
C31uG
Λ2
(
t¯Lb¯L
)
σµν ta uRΦ
cGaµν + h.c., (1)
where Λ is the scale of new physics (&1 TeV),
(
u¯Ld¯L
)
and
(
t¯Lb¯L
)
are the left quark doublets,
C13uG and C
31
uG are Wilson coefficients being complex in general, t
a are the generators of the
SU(3) color gauge group, Gaµν is a gluon field strength tensor, and Φ
c is the conjugated Higgs
field doublet. The effective Lagrangian for the tcg FCNC interactions has the same form as
(1) with obvious replacement of the u and d quarks by c and s quarks, and C13uG and C
31
uG by
C23cG and C
32
cG respectively.
In the unitary gauge the conjugated Higgs field doublet has a well known form
Φc =

v+h√2
0

 ,
where h is the Higgs boson field and v is the Higgs vacuum expectation value. It is easy to
see that in the unitary gauge the Lagrangian (1) gets the following form:
LEFT = v + h√
2
1
Λ2
[
q¯ σµν ta
(
C i3qG
1 + γ5
2
+ (C3iqG)
∗ 1− γ5
2
)
t
+ t¯ σµν ta
(
(C i3qG)
∗ 1− γ5
2
+ C3iqG
1 + γ5
2
)
q
]
Gaµν , (2)
where q refers to either u (i=1) or c (i=2) quarks.
In case of C i3uG = (C
3i
uG)
∗ the Lagrangian (2) becomes:
LEFT = v + h√
2
1
Λ2
(
C i3qG q¯ σ
µν ta t + (C i3qG)
∗ t¯ σµν ta q
)
Gaµν . (3)
One should note that the Lagrangian (3) contains not only the FCNC vertex of the top quark
interaction with the u quark and gluon (tqg) 1 but also the four-point FCNC vertex involving
two gluons (tqgg). The latter is needed to preserve gauge invariance. The Lagrangian (3) also
includes the FCNC top quark interactions involving the Higgs boson (tqgh) and (tqggh). But
corresponding processes are obviously out of reach at the LHC and will be not considering.
The experimental limits [7–10] are given in terms of |κtug|/Λ and |κtcg|/Λ couplings which
1 The Lagrangian describing the tree point interaction vertex (tqg) was worked out in [4].
3can be rewritten in the form of C i3qG coefficients as follows:
|κtqg|/Λ = 1
gs
v√
2
C i3qG
Λ2
, (4)
where gs is the coupling constant of the strong interaction.
2. NUMERICAL ESTIMATION OF THE FCNC TQG CONTRIBUTIONS.
The representative set of Feynman diagrams for the top quark production in FCNC
interactions described by Lagrangian (3) are shown in Fig.1. In this paper we consider pp→
tj process, where j means a jet originated from either a light flavor quark or a gluon. Based
on the Lagrangian (3) necessary Feynman rules were implemented to the CompHEP [11, 12]
and all numerical calculations are performed by means of this package 1. Calculations are
performed in Feynman gauge.
The total cross section at 14 TeV collision energy is about 120 pb for some particular
value of the parameter |κtug|/Λ =0.03 TeV−1 and requirements of transverse momenta and
pseudorapidity of the final light flavor quark or gluon to be P q,gT > 20 GeV, |ηq,g| < 4. The
cross section depends quadratically on the |κtug|/Λ and can be recalculated for all other
values of the coupling. The partial contribution of the processes with different initial states
are gg (2%) (diag.(a), Fig.1), qg (89%) (diag.(b), Fig.1), qq¯ (0.03%) (diag.(c), Fig.1), uq′
(7.8%) (diag.(d), Fig.1) and uu¯ (1.2%) (diag.(e), Fig.1) for the LHC collider energy
√
s = 14
TeV. The destructive contributions of the last diagrams with four-point vertex in diag.(a,b),
Fig.1 decrease the cross section of gg part by 60% and qg part by 4%, while practically not
affecting kinematical properties.
In order to analize properties related to unitarity we need to check the behavior of FCNC
contribution, introduced in EFT approach, with increasing the sˆ. The most transparent way
is to exclude convolution with Proton Density Functions (PDF) and check the dependence of
the total cross section of the parton level processes on the
√
sˆ. The Fig. 2 demonstrates de-
pendence of the total cross section of the parton level process with gg initial states (diag.(a),
1 Note that the four-point vertex of the gluon–gluon–top quark–u quark interaction from (3) was imple-
mented in CompHEP using an auxiliary color octet field with spin two taµν , denoted as G.t in CompHEP,
with the propagator defined by the Lagrangian − 12 taµν tµνa . It should be noted that the four-point vertex
is necessary for gauge invariance in calculating the contributions with the initial states gg and gu.
4Fig. 1) on the
√
sˆ, without integration over PDF. The same dependencies are shown in
Fig. 3 for the gu initial state (diag.(b), Fig. 1) and in Fig. 4 for the uu initial state (diag.(d),
Fig.1). The required cutoff was applied as | cos(pi, pf)| < 0.95, where pi and pf are momenta
of the initial and final partons. The wide region of possible
√
sˆ was tested, started from the
threshold about 173 GeV and up to the 100 TeV. For the better clarity only the region with
visible changes are shown in Figs 2-4 and the cross section becomes constant with increasing
the collision energy and without convolution with PDF. The overall behavior demonstrates
the absence of the increasing of the cross section with the energy up to the 100 TeV of
√
sˆ.
This observation is confirmed by the direct symbolic computation of asymptotic behavior of
the cross section at large
√
sˆ which is demonstrated in the next section.
3. UNITARY LIMIT
Effective operators lead to growing contributions with energies that violate unitarity. In
order for our calculations to be self-consistent, we have to check that we do not consider
kinematic regions where perturbative unitarity is violated. To estimate the allowed region
of parameters, we apply optical theorem, which follows from the unitarity of the S-matrix.
The optical theorem says that the imaginary part of the forward scattering amplitude is
proportional to the total cross section of the process.
σ =
1
s
Im (A(θ = 0)) =
16π
s
∞∑
l=0
(2l + 1)|al|2 (5)
where al is the partial-wave amplitude. Hence, Im al = |al|2, which means that:
|a0| < 1
2
(6)
The complete expression for the amplitude of the process uu→ ut has the form:
A = g2s
|κtqg|
Λ
·
∑
spin
[
u¯u(p3)(−itaγµ)uu(p1)
( −igµν
(p4 − p2)2
)
u¯t(p4)
(
taσνk(p4 − p2)k
)
uu(p2) (7)
+ u¯t(p4)
(
taσµk(p4 − p1)k
)
uu(p1)
( −igµν
(p4 − p1)2
)
u¯u(p3)(−itaγν)uu(p2)
]
After the convolution of Lorentz indices and summation over all spin states, as well as
after the expression of scalar products via Mandelstam variables, the amplitude takes the
5form:
A = 4 · g2s ·
|κtqg|
Λ
·
√
s · t · u
(
1
t
+
1
u
)
(8)
Here we assume that
√
s≫ Mtop. Using the substitution (u = −s− t) and integrating over
the variable t, we obtain the partial-wave amplitude a0:
|a0| = 1
16πs
∣∣∣∣∣∣
0∫
−s
dt · A
∣∣∣∣∣∣ = αs ·
|κtqg|
Λ
· √s · π (9)
The unitarity condition, following from the optical theorem (|a0| < 12) and recent experimen-
tal limits (|κtug|/Λ 6 0.004 TeV−1 [8]) on FCNC coupling parameter leads to the following
estimation:
√
s <
1
2παs
· Λ|κtqg| ≈ 350 TeV (10)
Thus our estimation shows that the current limit value of FCNC coupling does not violate
the unitary behavior of the amplitudes of the studied processes at energies available at the
present and future colliders.
Performs the calculation of the square of absolute value of the amplitude (8) and averaging
over the initial spin and color states with integration over the cos θ ranging from (−1 + ǫ)
to (1− ǫ), we obtain an expression for the cross section of the process uu → ut, depending
on the cutoff parameter ǫ in the limit of
√
s≫ Mtop:
σ(ǫ) =
2
9
πα2s ·
κ2tqg
Λ2
· ln
∣∣∣∣2ǫ − 1
∣∣∣∣ (11)
Such an example of the explicit formula for the cross section at
√
s ≫ Mtop of the process
uu → ut demonstrates the constant asymptotic behavior at large √s where the constant
depends on the cutoff parameter ǫ. It can be seen that at very high energies the cross
section of the uu → ut process does not depend on the value of √s. This behavior of the
scattering cross section is confirmed by numerical simulations performed in the previous
section and is in a good agreement with the Froissart bound [13] (the cross section does not
increase faster than the square of the logarithm of energy), which confirms the correctness
of the investigated approach.
64. CONCLUSION
In the paper we investigate limitation of EFT approach to describe possible FCNC pro-
cesses. Numerical and analytic calculations demonstrate constant asymptotic behavior of
the total cross section with the increasing of the energy. It is shown in the paper, that the
EFT approach for the introducing of the possible FCNC contribution does not violate the
pertubative unitary limit and Froissart bound, and can be used to setup the corresponding
experimental limits on the FCNC couplings or Wilson coefficients at the present [7, 8] and
future [14–17] colliders.
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Figure 1. Representative Feynman diagrams for the top quark production via tug FCNC interactions are
described in eq.(3).
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Figure 2. Dependence of the total cross section of parton level FCNC process with gg initial states
(diag.(a), Fig. 1) on the
√
sˆ.
9Total cross section of g, u− > g, t
800 1600 2400 √
(sˆ), [GeV]
0.24
0.27
0.30
Cross Section [pb]
C
ro
ss
S
e
c
ti
o
n
[p
b
]
Figure 3. Dependence of the total cross section of parton level FCNC process with gu initial states
(diag.(b), Fig. 1) on the
√
sˆ.
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Figure 4. Dependence of the total cross section of parton level FCNC process with uu initial states
(diag.(d), Fig. 1) on the
√
sˆ.
